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Brain factor 1 (BF-1) is a winged-helix transcription factor with restricted expression in the anterior optic vesicle and in the
telencephalic neuroepithelium of the neural tube. We have previously found that targeted disruption of the BF-1 gene results
in hypoplasia of the cerebral hemispheres, which is more severe in structures derived from the ventral telencephalon. Here
we show that the loss of BF-1 leads to multiple developmental anomalies of the eyes. The most ventral structure arising
from the optic vesicle, the optic stalk, is missing and is replaced by an expanded retina. Ventral closure of the optic cup and
choroid fissure does not occur. These dorsal–ventral patterning defects are not limited to the BF-1-expressing (anterior) cells,
but also involve the cells of the posterior optic vesicle. Sonic hedgehog (shh) expression within the ventral telencephalic
euroepithelium is specifically lost in the BF-1(2/2) mutant. Taken together, these findings suggest that shh produced at
his site plays a role in patterning the developing eye. This localized deficit in shh expression may also contribute to the
prominence of the ventral defects in the telencephalon of the BF-1(2/2) mutant. © 1999 Academic Press
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1INTRODUCTION
The eye develops from the optic vesicle which arises as
an evagination of the neuroepithelium of the ventrolateral
forebrain at embryonic day (E) 8.5 in the mouse (Rugh,
1968; Pei and Rhodin, 1970). An early event in eye devel-
opment is the patterning of the optic vesicle along the
dorsal–ventral axis (Saha et al., 1992), leading to the differ-
entiation of the dorsal cells into the pigment epithelium
and the retina and of the more ventral cells into the optic
stalk. These progenitor populations can be distinguished
with molecular markers, i.e., genes that are expressed in
restricted populations of neuroepithelial cells within the
optic vesicle, prior to their terminal differentiation into
specialized cell types. Studies of these genes have provided
a framework to begin to elucidate the molecular pathways
that regulate patterning of the developing eye.
1 Present address: Department of Pharmacology, Hallym Univer-
sity, Chunchon 200-702, Korea.
2 Present address: Department of Cell and Development Biology,
niversity of Pennsylvania, Philadelphia, PA 19104.w3 To whom correspondence should be addressed.
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All rights of reproduction in any form reserved.Recent studies implicate the paired homeodomain tran-
scription factors, Pax-6 and Pax-2, and the secreted signal-
ing molecule sonic hedgehog (shh) in the control of dorsal–
ventral patterning of the optic vesicle. Soon after the
evagination of the optic vesicle, the expression of Pax-6
becomes restricted to the cells of the developing optic cup,
which include progenitors of the pigment epithelium and
the retina (Grindley et al., 1995). The domain of Pax-2
xpression is complementary to that of Pax-6, delineating
ore ventral and proximal cells including the ventral
etinal cells surrounding the choroid fissure and cells of the
ptic stalk (Nornes et al., 1990; Macdonald and Wilson
996). Loss of Pax-6 function in the small eye (Sey) mouse
nd rat leads to the absence of the eyes (Hill et al., 1991;
ujiwara et al., 1994), while loss of Pax-2 results in defects
f the optic tract and chiasm (Torres et al., 1996). Further-
ore, Pax-6 and Pax-2 expression in the optic vesicle is
egulated by shh. Alterations in shh activity in zebrafish
ave been shown to perturb Pax-6 and Pax-2 expression,
eading to anomalies of eye development (Macdonald et al.,
995; Ekker et al., 1995).
We have previously shown that two members of the
inged-helix (WH) family of transcription factors, BF-1 and
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54 Huh et al.BF-2, delineate distinct domains within the developing
optic vesicle. BF-1 expression is restricted to the anterior,
i.e., nasal, optic cup and stalk, while BF-2 expression is
restricted to the posterior, i.e., temporal, half (Hatini et al.,
1994). BF-1 and BF-2 are both expressed in the neural tube at
the time the optic vesicle evaginates and, therefore, are the
earliest known markers of anterior–posterior polarity in the
developing eye. BF-1 expression is also found in the telen-
cephalic neuroepithelium. We have found that BF-1 is
essential for the development of the cerebral hemispheres
(Xuan et al., 1995). Mice lacking BF-1 die at birth with
ypoplasia of the telencephalon. Hypoplasia is most pro-
ounced in the ventral telencephalon, which gives rise to
he basal ganglia. These defects result from the reduced
roliferation and premature differentiation of telencephalic
rogenitors.
In this study we focus on the role of the BF-1 gene in eye
evelopment. Analysis of the BF-1(2/2) mutant reveals
ultiple morphological anomalies of the eyes. We find
erturbations in the genetic pathways controlling the pat-
erning of the dorsal–ventral (D–V) axis of the optic vesicle.
pecifically, in the mutant, the Pax-6 expression domain is
xpanded ventrally concomitant with a reduction of Pax-2
n the optic neuroepithelium. These perturbations are con-
istent with dorsalization of the optic vesicle and correlate
ith a localized loss of shh expression in the ventral
elencephalon. We also observe defects in the anterior–
osterior (A–P) patterning of the retina, associated with
ctopic expression of BF-2 in the anterior hemiretina.
aken together, these findings identify BF-1 as an essential
ntermediate in the patterning of the developing eye.
MATERIAL AND METHODS
Genotyping, histology and b-galactosidase staining. All em-
ryos analyzed in this study were obtained from crosses between
F-1(1/2) heterozygote parents in a C57BL6/129 hybrid back-
round. Noon on the day of the vaginal plug was defined as stage
0.5. Genotyping of embryos and newborn mice was carried out
ither by Southern blot or by the polymerase chain reaction (PCR)
ith genomic DNAs isolated from tail biopsy or embryonic yolk
acs as previously described (Xuan et al., 1995).
For histological analysis, embryos were dissected, genotyped,
nd fixed in 4% paraformaldehyde solution. Embryos were washed
n phosphate-buffered saline (PBS), dehydrated, and embedded in
araffin wax (Paraplast). Blocks were sectioned at 8 mm and slides
ere then dewaxed, rehydrated, and stained with Gill’s hematoxy-
in and eosin stain (Sigma). Sections were examined and photo-
raphed using an Axiophot microscope (Zeiss).
The lacZ gene was targeted to the BF-1 locus by homologous
ecombination. Heterozygous and homozygous embryos express
b-galactosidase (b-Gal) under the control of the BF-1 promoter
Xuan et al., 1995). For b-Gal staining of frozen sections, dissected
embryos were briefly fixed in 4% paraformaldehyde for 10–60 min
on ice, washed three times with PBS, immersed in 30% sucrose
solution overnight at 4°C, and embedded in OCT compound (Miles
Laboratories). Frozen sections were processed and stained as previ-
ously described (Xuan et al., 1995).
Copyright © 1999 by Academic Press. All rightIn situ hybridization. In situ hybridization using digoxigenin-
labeled and 33P-antisense riboprobe was carried out as previously
described (Xuan et al., 1995; Hatini et al., 1996). Nonradioactive in
situ hybridization was performed with frozen sections. Sections
were hybridized at 72°C in a moisturized chamber. Following
hybridization, the high-stringency wash was carried out in 23 SSC
and 50% formamide at 72°C for 1 h. Radioactive in situ hybridiza-
tion was performed with paraffin-embedded tissue. Templates for
riboprobe synthesis were kindly provided by Peter Gruss (Pax-6 and
Pax-2), Andrew McMahon (shh), and Frank Constantini (c-ret).
Whole-mount in situ hybridization was carried out as previously
described (Wilkinson, 1992). Briefly, dissected embryos were fixed
in 4% paraformaldehyde in PBS for 2 h at 4°C, dehydrated in
methanol in PBT (0.1% Tween 20 in PBS), bleached with 6%
hydrogen peroxide, and treated with 10 mg/ml proteinase K in PBT
for 15 min. Single-stranded RNA probes were synthesized in the
presence of digoxigenin-UTP and were hybridized with the em-
bryos at 70°C overnight. Embryos were washed twice in solution 1
[50% formamide, 53 SSC, pH 5, 1% sodium dodecyl sulfate (SDS)]
nd three times in solution 2 (0.5 M NaCl, 10 mM Tris–Cl, pH 7.5,
.1% Tween 20). Hybridization was detected with alkaline
hosphatase-coupled anti-digoxigenin antibodies (Boehringer
annheim) followed by reaction with NBT and BCIP. When color
eveloped to the desired level, the embryos were washed twice
ith NTMT (100 mM NaCl, 100 mM Tris–Cl, pH 9.5, 50 mM
gCl2, 0.1% Tween 20), and transferred to PBT at 4°C for pho-
omicrography.
Digital images were obtained directly with a digital camera or by
canning slides. 33P in situ hybridization darkfield images were
hotographed with a rhodamine filter and superimposed on the
rightfield image with Adobe Photoshop.
RESULTS
Multiple Anomalies of Eye Development in the
BF-1(2/2) Mutant at Birth
Heterozygous BF-1(1/2) mice have no detectable anoma-
lies of the eyes (Fig. 2 and data not shown). Defects in the
eye are readily apparent at birth in 100% of the BF-1(2/2)
mutants, although the severity of the phenotype varies. In
contrast to the round appearance of the eye in wild-type
(WT) and heterozygous animals, newborn BF-1(2/2) mu-
tant animals have irregularly shaped eyes (Fig. 1B). The
optic cup is malformed, with a large coloboma, a defect in
the closure of the ventral choroid fissure (arrow in Fig. 1B).
In addition, the lens is small and is often displaced to the
posterior side of the optic cup. The mutant lens varies from
less than a quarter to about one-half of normal size. Exami-
nation of horizontal sections through the eye and head
reveals that the BF-1 mutant does not have a well-defined
optic nerve separating the optic cup from the brain. Instead,
the optic cup appears to expand medially to the brain,
occupying the position normally occupied by the optic
nerve (Fig. 1D). There is a corresponding anomaly in the
pigment epithelium. Instead of being limited to the distal
region of the optic vesicle, the pigment epithelium extends
medially to the brain (arrows in Figs. 1D, 2H, 2I).
Despite these major defects in the morphology of the
newborn eye, cell type differentiation within the retina
appears to be initiated normally. The segregation of the
s of reproduction in any form reserved.
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55BF-1 and Eye Developmentretina into inner nuclear and outer nuclear layers is appar-
ent in both mutant and WT retinas at birth. Retinal
ganglion cell (RGC) differentiation is also evident in the
mutant from the formation of an axonal fiber layer on the
inner surface of the retina (Figs. 1D, 1F). Although the optic
nerve does not form normally in the BF-1(2/2) mutant,
RGC axons are observed to project from the malformed
retina toward the brain (data not shown). Because the
mutant animals die within minutes of birth, we are unable
to assess the later stages of retinal differentiation.
Absence of the Optic Stalk and Expansion of the
Retina in the BF-1(2/2) Mutant
To gain insight into the mechanisms by which the
defects in eye development arise, we examined earlier
stages of eye development in the BF-1(2/2) mutant. To help
understand the complex eye phenotype associated with the
loss of BF-1, we briefly review the early morphogenesis of
the optic cup and stalk in the mouse. Between E8.5 and
E9.5, the optic vesicle grows out laterally and bends dor-
sally such that its ventral side makes contact with the
surface ectoderm (illustrated in Fig. 2C). The ventral surface
of the optic vesicle then invaginates both proximally and
distally. Invagination of the distal region forms the optic
cup, while invagination more proximally forms a ventral
groove in the developing optic stalk. Subsequently the lips
of the groove become apposed, leaving the choroid fissure,
which extends along the ventral surface of the optic vesicle
from the ventral optic cup toward the brain. Closure of the
choroid fissure is associated with the narrowing of the
proximal optic vesicle to form the optic stalk. The choroid
fissure serves both as the channel for the hyaloid artery,
which will provide the blood supply for the optic cup, and
as the conduit for the retinal ganglion cell axons as they
project to form the optic nerve (Pei and Rhodin, 1970; Silver
and Sapiro, 1981; Snell and Lemp, 1989).
In the BF-1(2/2) mutant, the initial evagination of the
optic vesicle occurs normally (data not shown). Defects in
eye development first become apparent around E10.5. Fol-
lowing the ventral invagination of the optic vesicle in the
BF-1 mutant, the closure of the choroid fissure does not
proceed properly. This results in a wider than normal
proximal optic vesicle (compare arrows in Figs. 2A, 2B). The
defect in the ventral closure of the choroid fissure persists,
leaving an open channel along the entire ventral surface of
the optic vesicle. In some eyes, this channel widens as
development progresses (Figs. 5A–5C), while in others the
channel narrows (Figs. 4D–4F). These differences are some-
times observed between the two eyes of a single embryo,
suggesting that epigenetic factors are involved in this varia-
tion. The defect in ventral closure is associated with the
failure of the pigment epithelium to surround the optic cup.
In the mutant, pigment epithelium is found only on the
dorsal and lateral surfaces of the optic vesicle (arrows in
Figs. 2H, 2I).
By E12.5, it is apparent that the optic vesicle of the
BF-1(2/2) mutant is not forming the distinct structures of
Copyright © 1999 by Academic Press. All righthe optic cup distally and the optic stalk proximally. The
ptic vesicle appears to form a single structure that re-
embles a medially enlongated optic cup, which connects
irectly with the brain (Figs. 2E, 2F). At E16.5, additional
orphological features of the retina are apparent in the
edially expanded optic cup, including the differentiation
f RGC (Figs. 2H, 2I).
Expansion of Pax-6 and Reduction of Pax-2
Expression Domains
To begin to understand the molecular mechanisms un-
derlying the morphological defects, we analyzed the expres-
sion patterns of molecular markers previously demon-
strated to delineate specific progenitor populations in the
differentiating optic vesicle. At E12.5, Pax-6 expression is
restricted to the optic cup (retina and pigment epithelium),
while Pax-2 expression is limited to the optic stalk and
ventral retina (Figs. 3A, 3C). In the BF-1 mutant, we found
that the expression domain of Pax-6 is expanded proximally
and ventrally toward the midline of the embryo where it
appears to approach the forebrain neuroepithelium (arrow-
heads in Fig. 3B). At the same time, the Pax-2 expression
domain was markedly reduced (arrowhead in Fig. 3D). In
the absence of a marker that delineates the boundary
between the optic neuroepithelium and the diencephalic
neuroepithelium, we cannot exclude the possibility that
Pax-2 is expressed in a small region of the optic vesicle.
However, it is apparent that most of the Pax-2 expression
domain in the optic vesicle is lost in the BF-1(2/2) mutant.
These molecular changes support the interpretation that
the loss of BF-1 results in the perturbation of distal–
proximal patterning within the optic vesicle, with the
expansion of the optic cup (retina and pigment epithelium)
proximally and a concomitant loss of a morphologically
identifiable optic stalk. Also consistent with an expansion
of the retina more proximally, markers of the neural retina,
including c-ret (arrowheads in Figs. 3E, 3F) and islet-1 (data
not shown), are found both distally and proximally in the
abnormal optic vesicle. Taken together, these results sug-
gest that proximal regions of the optic vesicle assume a
retinal fate instead of a stalk fate in the absence of BF-1.
Malformations of the Proximal Optic Vesicle
Affect Both BF-1-Expressing and
BF-1 Non-Expressing Cells
To evaluate the role of BF-1 in the pathogenesis of the eye
defects, we asked whether the developmental anomalies in
the BF-1 mutant were restricted to the anterior optic
vesicle. Because we had replaced the BF-1 gene with the
lacZ gene in our targeting vector, it was possible to distin-
guish the cells that normally express BF-1 (anterior optic
neuroepithelium) from the cells that do not (posterior optic
neuroepithelium) by staining the cells for b-Gal activity in
BF-1(1/2) heterozygote and BF-1(2/2) mutant. Previous
studies had shown that lacZ expression faithfully marks
BF-1-expressing cells in the BF-1(1/2) heterozygote. The
s of reproduction in any form reserved.
56 Huh et al.FIG. 1. Multiple anomalies in the development of the eye in the BF-1(2/2) mutant. Whole-mount eye from newborn WT (A) and
BF-1(2/2) (B) mutant embryos. The WT eye is symmetrical, while the mutant eye has defects both anteriorly and ventrally. The lens is
positioned in the posterior eye and the choroid fissure fails to close, leaving a large coloboma (arrow). Sections from WT (C, E), and
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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57BF-1 and Eye DevelopmentlacZ gene continues to be expressed under the control of the
BF-1 gene in the BF-1(2/2) mutant (Xuan et al., 1995). To
determine whether the defects of the optic vesicle in the
BF-1(2/2) mutant are restricted to the anterior (BF-1-
xpressing) cells, we compared the lacZ expression patterns
n heterozygous and homozygous embryos with the devel-
pmental anomalies. In the BF-1(1/2) heterozygote at
E12.5, we find b-Gal-positive cells are present in the cells in
the anterior optic vesicle except for a small zone at the
boundary between the anterior and posterior vesicle (Figs.
2D, 4A). The expression pattern of lacZ in the mutant is
also present in approximately half of the cells of the optic
vesicle. We find that the medially expanded retina of the
BF-1(2/2) mutant comprises both lacZ-expressing and non-
lacZ-expressing cells (Figs. 4E, 4F). Thus the defect of the
proximal optic vesicle in the mutant affects both anterior
(BF-1-expressing) and posterior (non-BF-1-expressing) neuro-
epithelial cells.
We next compared the expression of the anterior marker,
lacZ, with that of Pax-6 in both distal and proximal optic
neuroepithelium. Ectopic expression of Pax-6 in the proxi-
mal vesicle is not limited to anterior lacZ-expressing cells
(compare Figs. 5B and 5E with 5C and 5F), suggesting a
change in cell fate affecting all of the ventral optic neuro-
epithelium. Because both cells that normally do and cells
that normally do not express BF-1 are affected, we conclude
that this anomaly cannot be attributed entirely to the loss
of a cell autonomous function of BF-1 in the anterior optic
neuroepithelium. Instead, these findings suggest that dele-
tion of the BF-1 gene perturbs an inductive signal that
patterns the optic vesicle. One possibility is that the cells of
the posterior optic vesicle are missing signals that are
normally produced by the anterior vesicle. Alternatively,
the loss of BF-1 may affect signaling activity in another
tissue that has a critical role in patterning the optic neuro-
epithelium.
BF-1(2/2) mutant embryos (D, F). Higher-magnification views of
Pigment epithelium [arrows in (D)] extends medially to the brain in
to be initiated in the mutant at E18.5 (D, F) with the establish
differentiation of retinal ganglion cells, which project axons [arrow
v, ventral; l, lateral; m, medial. Bar 5 100 mm (A, B), 200 mm (C, D
FIG. 2. Expansion of the optic cup and absence of optic stalk structu
utant (B) embryos through the optic vesicle at E10.5. Narrowing o
utant embryo, this does not occur, resulting in a wide-based optic v
akes contact with the surface ectoderm and invaginates along its
entral surface of the optic vesicle. The proximal ventral neuroepithel
rises from the dorsal neuroepithelium. This diagram is adapted with
eterozygotes (D) and mutants (E, F) at E12.5. The optic stalk normall
dentifiable optic stalk (E, F). A distorted optic cup appears to extend
ptic vesicle and distinguishes them from the temporal (posterior) c
xpansion of the optic cup involves both anterior and posterior cells. C
rrows, remains dorsal to the retina in the BF-1(2/2) mutant (H, I) in
o that in (I), from the same embryo. tv, telencephalic vesicle; os, opt
, lateral; m, medial. Bar 5 200 mm (A, B), 100 mm (D–F), 200 mm (G–I).
Copyright © 1999 by Academic Press. All rightLoss of shh Expression in the Ventral
Telencephalon
Previous studies in the zebrafish cyclops mutant demon-
strated that loss of ventral midline structures that lead to
the loss of shh activity results in the expansion of Pax-6-
ositive retinal cells, concomitant with a decrease in Pax-
-expressing cells. These changes were associated with an
xpansion of optic cup structures and the loss of the optic
talk (Macdonald et al., 1995; Ekker et al., 1995). Based on
he similarities between these studies and our own obser-
ations in the BF-1(2/2) mutant, we hypothesized that shh
ctivity might be deficient in the BF-1 mutant. To deter-
ine the potential role of shh in the genesis of the pattern-
ng defects in the BF-1(2/2) mutant, we examined shh
xpression in 15 to 30-somite-stage embryos (E9.0 to E10.5).
etween E9.0 and E9.5, no differences in shh expression
ere noted between WT, heterozygote, and BF-1(2/2) mu-
ant embryos (data not shown). At this stage, shh expression
s found in the floor plate and notochord as well as within
he diencephalon, but is not yet present in the ventral
elencephalon. shh expression in the ventral telencephalon
s readily detectable in WT embryos by E10.5 (arrowheads
n Figs. 6A, 6C). Strikingly, this telencephalic domain of
hh expression is not detectable in the BF-1(2/2) mutant
arrowheads in Figs. 6B, 6D, 6F). In contrast, the expression
f shh in the diencephalon and in the floor plate and
otochord of the remainder of the neural tube is unaffected
y the loss of BF-1 (arrows in Fig. 6 and data not shown).
xpression of shh in the anterior mesendoderm also appears
o be normal in the BF-1(2/2) mutant (asterisks in Figs. 6E,
F).
Anterior Eye Defects in the BF-1 Mutant
In addition to these prominent defects in the develop-
ment of the optic stalk, we find anomalies of the retina and
lens that show a greater variability. These anomalies differ
s indicated in (C) and (D) are shown in (E) and (F), respectively.
utant. Early cell type-specific differentiation of the retina appears
of the outer nuclear (on) and inner nuclear (in) layers and the
s in (E) and (F)] toward the brain. a, anterior; p, posterior; d, dorsal;
mm (E, F).
the BF-1(2/2) mutant. Transverse sections of WT (A) and BF-1(2/2)
proximal optic vesicle forms the optic stalk in WT embryos. In the
[double-headed arrow in (B)]. (C) Illustration of the optic vesicle as it
al surface. The retinal layer of the optic cup derives from the distal
ives rise to the inner layer of the optic stalk. The pigment epithelium
ission, from Snell and Lemp (1989). Horizonal sections of BF-1(1/2)
arates the optic cup from the brain (D). The mutant does not have an
ally to the brain. b-Gal staining identifies cells of the nasal (anterior)
in both the heterozygote and the homozygous mutant. The medial
al sections at E16.5 show that the pigment epithelium, identified by
of surrounding the retina (G). The section shown in (H) is posterior
lk; n, nasal; t, temporal; a, anterior; p, posterior; d, dorsal; v, ventral;area
the m
ment
head
), 50
res in
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(58 Huh et al.FIG. 3. Ventral expansion of Pax-6 expression and retinal cell fate in the BF-1(2/2) mutant. Sections from WT embryos (A, C), and
BF-1(2/2) mutants (B, D) at E12.5 demonstrate a ventral expansion of the Pax-6 marker [arrowheads in (A) and (B)] and the loss of expression
of the ventral marker, Pax-2 [arrowheads in (C) and (D)]. Pax-6 expression is normally excluded from the cells that form the optic stalk (os).
In the BF-1(2/2) mutant, the optic stalk is missing and Pax-6 expression is expanded ventrally and medially toward the ventral forebrain
B). Pax-2 expression is normally found in the optic stalk and a few cells of the ventral retina. The absence of the optic stalk is correlated
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
t
s
F
i
p
f
(
a
59BF-1 and Eye Developmentfrom the defects in ventral optic neuroepithelium described
above in that they appear to affect the anterior optic vesicle
more than the posterior half. b-Gal staining of horizontal
and sagittal sections through the eyes reveals that the wavy
contour of the retinal and pigment epithelium is often more
pronounced in the anterior half of the optic vesicle (Figs. 2E,
2F, 2I). In some embryos, however, the anterior retina and
posterior retina have a similar contour (Figs. 4D, 4E).
Because the loss of BF-1 leads to the decreased proliferation
of telencephalic progenitor cells, we investigated whether
the abnormal contour of the mutant retina was due to
changes in the proliferation of the cells of the anterior optic
vesicle. No significant differences were observed between
BF-1(2/2) mutants and their normal littermates in the
fraction of retinal progenitors that incorporate BrdU after a
2-h pulse at E10.5 and E12.5 (data not shown). Thus, unlike
the telencephalic neuroepithelium, we do not find evidence
for a major role for BF-1 in controlling the rate of retinal
progenitor cell proliferation. It remains possible, however,
that the loss of BF-1 may have small effects on cell prolif-
eration that are not detectable by BrdU labeling studies.
The lens is typically less than half normal size in the
BF-1(2/2) mutant (Figs. 1C, 1D) and is usually not found in
the center of the optic cup. Instead, the abnormal lens is
often observed to be displaced to the posterior side of the
optic cup, adjacent to the posterior (non-BF-1-expressing)
retina. These findings suggest that BF-1 is required for
normal lens development. However, because BF-1 is also
expressed in the placode, which gives rise to the lens, we are
unable to determine the relative roles of BF-1 in the retina
and the ectoderm in lens development.
These developmental anomalies, along with the anterior
restriction of BF-1 in the optic neuroepithelium, suggest
that the loss of BF-1 also perturbs anterior–posterior pat-
terning in the optic vesicle. To test this possibility, we
examined the expression pattern of BF-2, a WH protein that
is normally expressed only in the posterior optic cup and
stalk (Hatini et al., 1994). We examined the developing eye
at E10.5, when the optic cup is only minimally distorted in
the BF-1(2/2) mutant. In adjacent sections, we compare the
expression of the lacZ reporter gene with that of BF-2. The
loss of BF-1 leads to ectopic expression of BF-2 in the
anterior retina, where lacZ expression is detected (Fig. 7).
Expression of BF-2 in the posterior retina is unaffected.
Because no A–P defects are observed in cyclops mutants,
with the loss of Pax-2 expression in the mutant except for a small
Pax-6 domain is associated with the expansion of both the pigment
of the retinal marker, c-ret [arrowheads in (E) and (F). (E) and (F)
epithelium; d, dorsal; v, ventral. Bar 5 150 mm.
IG. 4. Medial expansion of the retina involves anterior and post
n the BF-1(1/2) (A–C) and BF-1(2/2) (D–F) mutants at E12.5 st
osition of the sections. The anterior (a) and posterior (p) lips of th
orm the choroid fissure. In the BF-1(2/2) mutant, the anterior and
D), leaving an optic cup that is open along its ventral surface. Th
nterior; P, posterior; D, dorsal; V, ventral; L, lateral; M, medial. Bar 5
Copyright © 1999 by Academic Press. All rightthese results suggest that BF-1 regulates A–P patterning by
a mechanism that is distinct from its effects on D–V
patterning. Previous studies that demonstrated misrouting
of retinal axons resulting from ectopic expression of BF-1
and BF-2 in the chick retina also support a role for BF-1 in
A–P patterning in the eye (Yuasa et al., 1996).
DISCUSSION
BF-1 Is Required for the Development of Ventral
Eye Structures
The optic stalk is a transient structure derived from the
proximal optic vesicle, which connects the developing optic
cup to the brain. The inner layer of the optic stalk is derived
from the ventral half of the stalk neuroepithelium and gives
rise to the glial cells of the optic nerve (Horsburgh and
Sefton, 1989; Snell and Lemp, 1989). The structures of the
eye are most commonly described in terms of a proximal–
distal axis perpendicular to the midline of the neuraxis. In
this view, the optic cup, which includes the retina and
pigment epithelium, is distal to the optic stalk. However,
the final position of these structures is established rela-
tively late in development as a consequence of cell prolif-
eration and tissue folding, and does not reflect the original
positions of the progenitor cells (Holt, 1980). The expres-
sion pattern of molecular markers in the early optic vesicle
suggests that patterning of the neuroepithelium along the
D–V axis leads to differentiation of structures which sub-
sequently adopt a proximal or distal position. Consistent
with this, Otx-2 expression in the optic neuroepithelium is
restricted to the most dorsal optic vesicle, and is later
confined to the outer layer of the optic cup, the prospective
pigment epithelium (Bovolenta et al., 1997). After an early
transient period of expression throughout the optic vesicle,
Pax-6 becomes restricted, by E9.5, to the dorsal optic
vesicle, which gives rise to the pigment epithelium and
neural retina (Grindley et al., 1995). Pax-2 is expressed in
he ventral optic vesicle and is later restricted to the optic
talk and ventral retina (Nornes et al., 1990). These molecu-
lar markers support the view that the most dorsal cells of
the optic vesicle differentiate into the pigment epithelium.
Progressively more ventral cells give rise to the retina and
the optic stalk, respectively.
We have found that the deletion of BF-1 leads to the
ber of cells in the most ventral optic vesicle. The expansion of the
elium [arrows in (C)–(F)] and the retina, as shown by the expression
rom WT and BF-1(2/2) mutant embryos at E12.75. pe, pigment
optic neuroepithelium. Sagittal sections through the optic vesicle
for b-Gal activity. (G) Schematic diagram showing the relative
ic vesicle are indicated. These normally come together as in (A) to
erior lips of the invaginated vesicle fail to come together normally
owheads point to the pigment epithelium. cf, choroid fissure; A,num
epith
are f
erior
ained
e opt
post
e arr150 mm.
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60 Huh et al.FIG. 5. Ectopic expression of Pax-6 in both anterior and posterior cells of the optic vesicle in the BF-1(2/2) mutant. Sagittal sections from E12.5
BF-1(2/2) mutants from lateral (A, D) to medial (C, F). Sections were stained for b-Gal expression or probed by in situ hybridization for Pax-6
xpression. Comparison of the b-Gal staining pattern with the Pax-6 expression pattern shows that the ectopic expression of Pax-6 in the ventral
r proximal optic vesicle occurs in both anterior and posterior cells. A, anterior; p, posterior; d, dorsal; V, ventral. Bar 5 150 mm.
FIG. 6. Expression of shh in the ventral telencephalon is absent in the BF-1(2/2) mutant. Whole-mount in situ hybridization at E10.5 (A,
B) and sagittal sections at E10.5 (C–F) show the specific loss of the shh domain (arrowheads) on the telencephalic side of the optic recess.
(A, B) Ventral views of the base of the forebrain with the mandible dissected away from the upper head. A representative pair of embryos
are shown. Expression of shh in the rostral diencephalon (arrows) and in the ventral midbrain are not affected by the BF-1 mutation. (C, D)
Darkfield views of the sections shown in (E) and (F). *shh expression in the rostral mesendoderm. T, telencephalon; D, diencephalon; or,
ptic recess; a, anterior; p, posterior; d, dorsal; v, ventral. Bar 5 250 mm (A–D), 200 mm (E–H).
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61BF-1 and Eye Developmentformation of eyes that lack optic stalks. In the BF-1(2/2)
mutant, the entire optic vesicle differentiates into the
retina and the pigment epithelium. This interpretation of
the morphological changes is supported by analyses of the
expression pattern of molecular markers. Pax-6 expression
is expanded proximally, i.e., ventrally, while the expression
of the ventral marker Pax-2 is reduced or absent. The
expression domain of retinal markers, c-ret and islet-1, is
also expanded ventrally. These findings are consistent with
an expansion of the more dorsal cells’ fates and a concomi-
tant reduction in ventral optic stalk fate. Although BF-1
expression is restricted to the cells of the anterior optic
vesicle, we demonstrate that the ventral defects in the
BF-1(2/2) mutant affect both anterior and posterior optic
vesicle. Such defects cannot be entirely attributed to the
loss of a cell autonomous function of BF-1 in the anterior
optic neuroepithelium. Instead, our findings suggest that
the loss of BF-1 perturbs a D–V patterning activity that acts
on the optic neuroepithelium.
Ventral Defects of the Eyes Are Associated with a
Localized Deficit of shh in the Ventral
Telencephalon
A potential candidate for this D–V patterning signal is the
secreted polypeptide shh. In the zebrafish, the absence of
cyclops function results in the loss of floor plate equivalent
cells in the ventral midline of the diencephalon, a source of
shh activity. These anomalies are associated with pattern-
ing defects in the developing eyes. The central eye of
cyclops mutants actually arises from the fusion of two eyes
as a consequence of an expanded retina and severely re-
duced stalk structures (Hatta et al., 1994). The eye defects
are associated with an expansion of the Pax-6 expression
domain, a reduction of the Pax-2 domain. Moreover, ectopic
FIG. 7. Ectopic expression of BF-2 in the anterior optic vesicle of
he BF-1(2/2) mutant. Adjacent horizontal sections probed by in
situ hybridization with a lacZ or BF-2 probe. The lacZ gene is
expressed in the anterior half of the optic vesicle and in the
telencephalic neuroepithelium. The BF-2 gene is expressed in both
the anterior and posterior halves of the retina (arrowheads), as well
as in the diencephalic neuroepithelium. a, anterior; p, posterior; d,
diencephalon; te, telencephalon. Bar 5 100 mm.expression of shh in the zebrafish embryo leads to an
Copyright © 1999 by Academic Press. All rightxpansion of Pax-2 expression and reduction of Pax-6 ex-
ression, consistent with an expansion of stalk fate at the
xpense of retinal cell fate (Macdonald et al., 1995; Ekker et
l., 1995). These findings suggest that shh regulates distal–
roximal, i.e., dorsal–ventral, patterning of the optic vesicle
y promoting Pax-2 expression and the choice of stalk fate
hile antagonizing Pax-6 expression and retinal fate. Fur-
her support for the role of shh in specifying ventral cell
ates in the optic vesicle comes from the analyses of the
onsequences of disrupting the shh gene in mice. shh(2/2)
ice have a cyclopic eye, which arises from a single optic
esicle in an undivided prosencephalon. Interestingly, this
utant eye adopts an entirely dorsal fate, that of the
igment epithelium (Chiang et al., 1996). shh(2/2) mutant
ice also lack ventral cell fates along the entire length of
he neural tube. In contrast to the zebrafish cyclops muta-
ion which deletes a ventral midline source of shh, the
isruption of the shh gene in mice results in the loss of both
talk and retinal cell fates.
The eye phenotype of the BF-1(2/2) mutant is similar to
he cyclops and shh mutants in that the cells of the optic
esicle also adopt dorsal fates (pigment epithelium and
etina), at the expense of a ventral one (optic stalk). Sup-
orting a role for shh in the genesis of the D–V patterning
efects of the BF-1(2/2) mutant, we find that the loss of
F-1 leads to a deficit in shh expression. However, a
istinguishing feature of the BF-1(2/2) mutant compared
ith either the zebrafish cyclops mutant or the shh(2/2)
ouse is the highly restricted nature of the shh deficit. The
arly ventral midline domain of shh expression in the
iencephalon, the notochord, the floor plate, and the rostral
esendoderm is unaffected by the absence of BF-1. The loss
f BF-1 specifically alters the expression of a separate
omain of shh within the ventral telencephalic neuroepi-
helium. This site of shh expression is normally induced
etween E9.5 and E10 and its role in forebrain development
s unknown. In the BF-1(2/2) mutant, this late-appearing
omain of shh expression is undetectable. Because the loss
f shh activity precedes the appearance of the phenotypic
hanges in the eye, our results raise the possibility that this
eficit of shh activity may be responsible for the absence of
he optic stalks and the corresponding expansion of the
etina in the BF-1(2/2) mutant. Our results suggest that the
arly ventral midline shh activity present in the BF-1
utant, but absent in the shh(2/2) mutant, is able to
pecify retinal fate in the optic vesicle. However, this
entral midline shh activity appears to be insufficient to
nduce the differentiation of the optic vesicle to a stalk fate.
e hypothesize that the additional shh activity arising
rom the ventral telencephalon is essential for normal D–V
atterning of the optic vesicle. We do not exclude the
ossibility that other BF-1-dependent signals may be impor-
ant in patterning the developing eye. Candidate signals
nclude the cyclops gene product, a Nodal related member
f the TGF-b superfamily (Rebagliati et al., 1998; Sampath
et al., 1998), Fgf-8 (Crossley and Martin, 1995), and the oep
gene product, an EGF-related protein (Zhang et al., 1998).
s of reproduction in any form reserved.
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62 Huh et al.Further work is required to establish the respective roles of
ventral telencephalic shh activity and other signals in D–V
patterning of the optic vesicle.
The mechanism by which loss of BF-1 leads to the loss of
the ventral telencephalic shh domain is unclear. One pos-
sibility is that the reduction in shh expression is a conse-
quence of the reduction in the number of cells that produce
shh. The BF-1(2/2) mutant has only a small number of
cells in the ventral telencephalon that do not express dorsal
markers (Xuan et al., 1995). Alternatively, BF-1 may be
required for the activation of the shh promoter in the
telencephalon. shh expression in the floor plate and the
notochord is dependent on the activity of another winged-
helix transcription factor, HNF-3b. (Sasaki and Hogan,
994; Ruiz i Altaba et al., 1995; Hynes et al., 1995). HNF-3b
expression is not present in the neural tube rostral to the
diencephalon. Thus, the expression of shh in the telenceph-
alon must be regulated by other factors. It has recently been
shown that shh expression is regulated by multiple enhanc-
ers through both HNF-3b-dependent and independent
echanisms (Epstein et al., 1999). However, BF-1 alone is
ot likely to be sufficient to direct shh expression because
hh expression is limited only to a small region within the
F-1 expression domain.
shh Activity and Dorsal–Ventral Patterning of the
Forebrain
Previously we demonstrated that the telencephalon of
the BF-1 mutant has ventral defects that are not explained
simply by the loss of BF-1 within the telencephalic neuro-
epithelium. BF-1 is normally present in both the dorsal and
ventral telencephalon. However, BF-1(2/2) mutants dem-
onstrate a more pronounced deficit in the growth of the
ventral compared with the dorsal telencephalon. Prolifera-
tion of the ventral telencephalic neuroepithelium is sharply
reduced by E10.5, while the dorsal telencephalic neuroepi-
thelium continues to proliferate rapidly. Ventral telence-
phalic neuroepithelium was identified in the mutant by the
expression of the lacZ marker and the exclusion of dorsal
telencephalic markers such as Emx-2. However, the differ-
entiation of the ventral telencephalon appears to be incom-
plete in the BF-1(2/2) mutant as other markers of the
ventral telencephalon, i.e., Dlx-1 and -2 were not detectable
in these cells (Xuan et al., 1995), These findings are similar
to but less severe than those found in the shh(2/2) mutant
mice. Mice that lack shh completely lack ventral telence-
phalic cells. The entire prosencephalon expresses dorsal
makers (Chiang et al., 1996). The loss of shh activity in the
entral telencephalon of the BF-1(2/2) mutant is consis-
ent with the hypothesis that shh activity from this site
lso promotes the proliferation and differentiation of the
entral telencephalic neuroepithelium.
shh has been shown to regulate cell fate decisions in the
pinal cord in a concentration- and time-dependent fashion
Ericson et al., 1996). In vitro, twofold differences in shh
oncentration lead to differences in gene expression within
pinal cord progenitors and result in alterations in the
Copyright © 1999 by Academic Press. All rightifferentiated fate of these cells (Ericson et al., 1997). The
argeted disruption of BF-1 results in a decrease in the levels
f shh expression around the base of the optic vesicle. We
ostulate that this perturbation in shh expression reduces
hh activity and leads to changes in shh-dependent gene
xpression and cell differentiation. By analogy to the re-
orted function of shh in the spinal cord and hindbrain, our
esults suggest that distinct cell fates for the optic progeni-
ors are specified by different levels of shh along the D–V
xis. We speculate that high levels of shh activity induce
ifferentiation into optic stalk cells, while an intermediate
evel promotes differentiation into retinal cell fates. The
bserved D–V defects of the BF-1(2/2) mutant could also be
ttributed to a defective response of optic progenitor cells to
hh, e.g., the loss of a transducer of the shh signaling
athway. However, because these D–V defects involve the
ntire optic vesicle, including posterior cells that do not
xpress BF-1, we favor the interpretation that they are the
onsequence of the localized deficit in shh activity from the
entral telencephalon.
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